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ABSTRACT 

To assess the correlation between the biomarkers of lower limb atherosclerosis (e.g., 

ankle-brachial index [ABI]) and of carotid atherosclerosis (e.g., common carotid intima 

media thickness (IMT) and presence of atherosclerotic plaque) in the general 

population, a population-based cohort of individuals from Girona (Northwest Spain) 

was recruited in 2010. ABI and carotid ultrasound were performed in all participants. 

Generalized additive multivariable models were used to adjust a regression model of 

common carotid IMT on ABI. Logistic regression multivariable models were adjusted 

to assess the probability of carotid plaque in individuals with peripheral artery disease. 

We included 3,307 individuals (54.2% women), mean age 60 years (standard deviation 

11). Two patterns of association were observed between subclinical biomarkers of 

atherosclerosis at the lower limb and carotid artery. ABI and common carotid IMT 

showed a linear trend in men [beta coefficient (95% confidence interval) =-0.068 (-

0.123; -0.012); p=.016]. Women with peripheral artery disease presented with high risk 

of atherosclerotic plaque at the carotid artery [Odds ratio (95% confidence interval) 

=2.61, (1.46; 4.69); p=.001]. Men showed a significant linear association between ABI 

levels and common carotid IMT values. Women with peripheral artery disease 

presented with high risk of atherosclerotic plaque at the carotid artery.  
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Introduction 

Cardiovascular diseases are the main cause of death in western countries.1 The common 

basis of this group of diseases is atherosclerosis, a chronic and degenerative process that 

mainly occurs in large and medium-sized arteries morphologically characterized by 

asymmetric focal thickenings of the innermost layer of the artery, the intima.2 The 

presence of atherosclerosis in different vascular beds defines polyvascular subclinical 

disease, pointing out the systemic nature of the atherosclerotic process.3,4,5  

The long induction period of atherosclerosis makes it suitable for the study of 

subclinical disease for preventive purposes. On the one hand, low ankle-brachial index 

(ABI) values, as a subclinical indicator of lower extremity peripheral artery disease, 

provide a potent predictor of future cardiovascular events and death.6,7 On the other 

hand, carotid ultrasound can be used to detect subclinical disease because it measures 

intima-media thickness (IMT) and the presence of atherosclerotic plaques.8,9,10 Most 

studies have addressed the coexistence of atherosclerosis at the lower limb and at the 

carotid artery in selected samples (e.g., patients with diabetes, history of stroke, or 

advanced age).11,12,13,14 However, these correlations have not been assessed in general 

population or specifically in individuals with no history of intermittent claudication. In 

addition, most of the studies did not use automated methods based on machine learning 

procedures that minimize the reproducibility problem linked to IMT and carotid plaque 

interpretation.15,16  

To assess the correlation between the biomarkers of lower limb atherosclerosis 

(ABI) and of carotid atherosclerosis (e.g., common carotid IMT and presence of 

atherosclerotic plaque) in the general population and in a subsample with no history of 

intermittent claudication. 
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Methods 

Cross-sectional study conducted in the context of the REGICOR study (REgistre Gironi 

del COR, or Girona Heart Registry). The details have been described elsewhere.17 

Briefly, participants were randomly selected from the city of Girona (approximately 

70,000 inhabitants) and three surrounding rural towns in 2005 and reexamined in 2010, 

when ABI and carotid ultrasound were performed. The participants included were free 

of terminal disease, not institutionalized, and residents of the reference area for at least 

six months/year (reflecting the stable seasonal presence of a large number of retirees). 

Participants were contacted by a letter informing them of the aims of the study and the 

tests to be performed. If willing to participate, they were asked to fast for at least 10 

hours before their appointment at the health examination site. The participation rate in 

the reexamination was 78.1%.18 All participants were duly informed and provided their 

written consent to participate in the study and the results of the examination were sent to 

each of them. The study protocol was approved by the local ethics committee (CEIm-

PSMAR 2008/3046/I). 

 

Measurements 

Examinations were performed by a team of trained nurses and interviewers using the 

same methods. A precision scale of easy calibration was used for weight and height 

measurement with participants in underwear and barefoot. Body mass index was 

determined as weight divided by squared height (kg/m2). Blood pressure was measured 

with a periodically calibrated sphygmomanometer (OMRON 711). A cuff adapted to the 

upper arm perimeter (young, adult, obese) was selected for each participant. 

Measurements were performed in a seated position after a 5-minute rest. Two 
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measurements were taken and the lower value was recorded for the study. Standardized 

questionnaires were used to collect sociodemographic and lifestyle variables, along with 

previous history and treatments for diabetes, hypertension, and hypercholesterolemia. 

Current smoking was defined as actively smoking within the preceding year. 

Claudication was assessed using the Edinburgh questionnaire.19 Blood was withdrawn 

after 10-14 h of fasting. Total and high-density lipoprotein (HDL) cholesterol 

concentrations were determined by direct methodology (Roche Diagnostics, Basel, 

Switzerland). Low-density lipoprotein (LDL) cholesterol was calculated by the 

Friedewald equation whenever triglycerides were <3.4mmol/l (300 mg/dl).  

 

Ankle-brachial index measure 

Ankle-brachial index was measured in accordance with current guidelines.6 After 5-min 

rest and with the participant in supine position, systolic blood pressure was measured in 

the brachial artery in the antecubital fossa in the control arm with a continuous Doppler 

device, then in the distal calf, using the Doppler probe to determine systolic blood 

pressure in the supine position at the right and left posterior and anterior tibial arteries. 

Right and left ABI were calculated as the ratio of the higher of two systolic pressures in 

the lower limbs (posterior and anterior tibial arteries) to the control brachial systolic 

pressures. The lowest of the values obtained was used for analysis. We discarded the 

individuals with ABI >1.4 because of the high probability of medial arterial 

calcification.6  
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Carotid ultrasound 

Two trained sonographers performed the carotid ultrasound examinations. An Acuson 

XP128 ultrasound machine equipped with an L75-10 MHz transducer and extended 

frequency software was used (Acuson-Siemens, Mountainview, California, United 

States). B-mode ultrasound images of the common carotid artery segment were obtained 

in DICOM format with a resolution of 0.043 mm/p. Image files were recorded and sent 

to the Academic Vascular Image Centre in Amsterdam (AVICA). Measurements of 

IMT were made in a 1-cm segment in the distal common carotid artery (1 cm proximal 

to the dilation of the carotid bulb) of both right and left arteries. Measurements were 

made every 1 mm in the 1-cm segment, from which the mean values were calculated. 

To interpret the full set of images, a fully automatic deep-learning method able to 

properly localize the intima media region and then estimate the IMT was used 

(Supplementary Table 1). This deep-learning procedure is based on convolutional 

neural networks and was validated using the subset of IMT estimates performed in 

AVICA as the gold standard.15 Left and right common carotid IMT were obtained for 

each participant and the mean was considered in the analysis. For those individuals with 

just one estimate (e.g. left or right), this single value was considered. Finally, the 

presence of carotid plaque was also assessed with a deep-learning model and according 

to the definition in the Mannheim consensus: focal structure encroaching into the 

arterial lumen of at least 0.5 mm or 50% of the surrounding IMT value, or a thickness 

>1.5 mm as measured from the media-adventitia interface to the intima-lumen 

interface.8  
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Statistical analysis 

According to the sample size, a correlation coefficient of 0.05 between ABI and 

common carotid IMT could be found as statistically significant accepting an alpha risk 

of 0.05 and a beta risk of 0.2.  

All analysis was stratified by sex. Continuous variables were summarized as mean 

(standard deviation), or median [interquartile range] when their distribution departed 

from normal, and categorical variables as proportions. The correlation between the 

terciles of ABI was ascertained using the mean values of carotid IMT, the prevalence of 

carotid plaque and other cardiovascular risk factors, ANOVA, Wilcoxon, and Chi-

square, as appropriate. To compare the prevalence of cardiovascular risk factors and the 

mean values of ABI by the presence of atherosclerotic plaque, the Chi-Square, Student-

t, and Mann-Whitney U tests were used as appropriate. 

Unadjusted generalized additive models were fitted to find associations of ABI 

and other cardiovascular risk factors (independent variables) with IMT (dependent 

variable). This more flexible modelling approach allows for non-linearity in the 

relationship and contributes to a more accurate exploration of continuous variables, 

providing a pattern which reflects the shape and trend of the association. Breakpoint 

regression analysis was used to test whether an apparent change in the correlation trend 

between ABI and IMT was statistically significant.20 Multivariable models were fitted 

by potential confounders that showed significant associations with the terciles of ABI 

and common carotid IMT. Finally, to assess the probability of carotid plaque in 

individuals with peripheral artery disease (symptomatic or asymptomatic), multivariable 

logistic regression models were adjusted for age. A subanalysis was performed, 
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excluding participants with history of intermittent claudication reported by the 

participant or assessed with the Edinburg questionnaire. 

The effect modification of the relationship of ABI with common carotid IMT by 

age21 was tested with the -2 loglikelihood test of nested models with and without 

interaction terms. In a secondary analysis, the sample was stratified by age (<60 and 

≥60 years).  

Statistical analysis was done with the R Statistical Package (R Foundation for 

Statistical Computing, Vienna, Austria; Version 4.0.5). 

 

Results 

We included 3,307 individuals (1,516 men and 1,791 women), mean age 60 years 

(standard deviation 11). Table 1 includes the sociodemographic and clinical 

characteristics of the sample by sex.  

Common carotid IMT significantly decreased by ABI terciles, both in men [ABI 

tercile (T) 1: 0.70 mm (standard deviation 0.14); T2: 0.69 (0.16); T3: 0.67 (0.13); p 

<.001] and in women [T1: 0.67 (0.13); T2: 0.66 (0.16); T3: 0.64 (0.14); p =.005]. No 

significant differences were found in the prevalence of atherosclerotic plaque by terciles 

of ABI (Table 2).  

In the regression of common carotid IMT on ABI, we found similarly significant 

associations in men [Beta-coefficient (95% confidence interval) = -0.173 (-0.232; -

0.114); p <.001] and in women [-0.134 (-0.200; -0.068); p <.001]. Individuals with no 

claudication also presented with significant correlations (p <.001) between IMT and 

ABI [-0.182 (-0.243; -0.122) and -0.124 (-0.192; -0.056) in men and women, 

respectively] (Figure 1). 
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We adjusted generalized additive multivariable models for the whole sample and 

for where the slope changed (i.e., breakpoint). The results were only significant in men 

overall and in those with no claudication [-0.068 (-0.123; -0.012); p=.016 and -0.073 (-

0.130; -0.017); p=.011, respectively]. No differences were found in women (Table 3). 

The adjusted risk of atherosclerotic plaque at the carotid artery in individuals with 

peripheral artery disease significantly increased in all women and in those with no 

claudication [Odds ratio (95% confidence interval) =2.61, (1.46; 4.69); p=.001 and 2.49 

(0.99; 6.28); p=0.053, respectively]. The risk was also significant in men with no 

claudication [2.08 (1.09; 3.96); p=0.026] (Figure 2).  

The analysis stratified by age found similar results in the correlation between ABI 

and IMT, with significant associations only in men (Supplementary Tables 8-13 and 

Supplementary Figure 1). In addition, the probability of carotid plaque in individuals 

with peripheral artery disease was only significant in older men and women (>60 years) 

[2.03, (1.13; 3.63); p=.017 and 2.84 (1.47; 5.49); p=.002, respectively] (Supplementary 

Figure 2). 

 

Discussion 

Polyvascular subclinical disease, defined as the coexistence of atherosclerosis in 

different vascular beds within the same individual, should be considered a systemic 

process. We measured the coexistence of subclinical atherosclerosis at the lower limb, 

as measured with ABI, and at the common carotid artery, as measured with IMT or with 

the presence of atherosclerotic plaque. In men, a linear negative dose-response 

association between the degree of atherosclerosis at the lower limb and at the common 

carotid arteries was observed. In women, peripheral artery disease (symptomatic or 
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asymptomatic) significantly increased the risk of atherosclerotic plaque in the carotid 

arteries 

Recognition of the atherosclerosis process as a systemic disease, as reported by 

numerous authors, is necessary to improve the prevention outcomes.3 First, core risk 

factors such as smoking, diabetes, hypertension, hypercholesterolemia, obesity, and 

family history appear to be shared among all vascular diseases, regardless of the 

territory affected.22,23 Second, subclinical peripheral artery disease in patients with 

coronary artery disease is associated with a poor prognosis during the first year after an 

acute coronary syndrome event.24 Third, common carotid IMT or the presence of 

atherosclerotic plaques at the carotid arteries improve the prediction of incident 

cardiovascular disease.16,25,26,27 In general, the presence of subclinical atherosclerosis at 

different locations has been associated with higher risk of cardiovascular events in 

individuals with familial hypercholesterolemia28 or in percutaneous coronary 

intervention patients.29 

Our analysis, consistent with previous studies, showed increased burden of 

subclinical disease in men, compared to women.30,31 On the one hand, men presented 

with a continuous dose-response association between ABI and IMT, particularly up to 

ABI values around 1.2, where a nonsignificant change in the trend was observed. A U-

shaped pattern was previously described by Wang et al. in a cross-sectional analysis not 

stratified by sex in a Chinese population of inner Mongolia.32 In addition, The 

Copenhagen City Heart Study showed that the magnitude of association between these 

biomarkers was higher in individuals with diabetes, compared to those without the 

disease.11 The slope described in the latter group was similar to that observed in men in 

our results. In contrast, Zhang et al. found that the association between IMT and ABI in 
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patients with diabetes did not remain after adjusting for cardiovascular risk factors, but 

the IMT association with toe-brachial index persisted.12 Finally, no association was 

found between ABI and IMT in the ARTICO Study, performed in individuals with 

history of a noncardioembolic stroke in the preceding 3 months.13 Less specific is the 

assessment of subclinical burden with magnetic resonance imaging (MRI) performed in 

the KORA-MRI cohort. In this study, the carotid plaque in different arteries, together 

with other markers of subclinical disease, were measured in individuals without 

cardiovascular disease. Thus, the comprehensive analysis of all markers showed that 

early signs of metabolic and cardio-cerebrovascular complications were more present in 

individuals with prediabetes, compared to controls.33  

On the other hand, women did not present with a dose-response association, but a 

critical increase in the probability of carotid plaque was observed once peripheral artery 

disease (symptomatic or asymptomatic) was present. This finding, also highlighted by 

Colledanchise et al.,34 may have particular value for cardiovascular risk assessment in 

women. Indeed, the Atherosclerosis Risk in Communities study showed that accounting 

for carotid plaque presence in addition to IMT leads to greater improvement of risk 

prediction in women than in men.35 Thus, a combined assessment of subclinical 

atherosclerosis at the lower limb and carotid arteries may improve disease detection 

over an assessment of either artery alone in both men and women, but particularly in 

women, in whom traditional risk assessments are less effective.36  

Our study has several limitations. The degree of atherosclerosis in the lower limb 

and the carotid artery was measured using different techniques. Although the final 

measurement can be comparable, future cohort studies could assess the extent of 

atherosclerosis using the same technique in both vascular beds (e.g., ultrasound at 
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femoral and carotid arteries). Selection bias may affect any cross-sectional study, but is 

likely to be modest in magnitude in this study because it was population-based and 

participant selection was not based on the presence or absence of subclinical 

atherosclerosis. In addition, this design cannot establish temporality. 

In conclusion, our study showed two patterns of association between subclinical 

biomarkers of atherosclerosis at the lower limb and at the carotid artery: Men showed a 

significant linear association between ABI levels and common carotid IMT values, 

while women with symptomatic or asymptomatic peripheral artery disease presented 

with high risk of atherosclerotic plaque at the carotid artery. Our study points out the 

systemic nature of the atherosclerotic process. Individuals with biomarkers of 

atherosclerosis in a given territory are more likely to present with subclinical disease in 

another. The increased risk of ischemic events associated with this condition, and the 

differences found between men and women have important implications for 

cardiovascular risk management.   
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FIGURE LEGENDS 

Figure 1. Correlations between ankle-brachial index and common carotid intima media 

thickness by sex in all participants and in those with no claudication 

Figure 2. Probability of carotid plaque in all individuals and in those with no claudication. 

Models adjusted for age  
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Table 1. Characteristics of the sample at baseline and follow-up, by sex 
 Men 

N=1516 
Women 
N=1791 

Age, mean (SD) 61 (12) 60 (11) 

University studies, n (%) 399 (26.5) 398 (22.4) 

Ankle-brachial index, mean (SD) 1.11 (0.12) 1.09 (0.10) 

Peripheral arteriopathy, n (%) 114 (7.5) 116 (6.5) 

Asymptomatic peripheral arteriopathy, n (%) 63 (4.2) 38 (2.1) 

Claudication, n (%) 51 (3.4) 78 (4.4) 

Smoker, n (%) 712 (47.3) 301 (16.9) 

Body mass index, mean (SD) 27.7 (3.7) 26.7 (4.9) 

Systolic blood pressure (mmHg), mean (SD) 134 (18) 126 (20) 

Diastolic blood pressure (mmHg), mean (SD) 79 (10) 75 (10) 

Hypertension, n (%) 718 (48.1) 681 (38.7) 

Total cholesterol (mg/dl), mean (SD) 196 (36) 206 (35) 

HDL cholesterol (mg/dl), mean (SD) 47 (10) 56 (11) 

LDL cholesterol (mg/dl), mean (SD) 127 (31) 132 (30) 

Lipid-lowering treatment, n (%)  338 (22.8) 338 (19.2) 

Triglycerides, median [IQR] 92 [68; 126] 79 [59; 111] 

Glycemia (mg/dl), median [IQR] 95 [88; 105] 88 [83; 96] 

Diabetes, n (%) 300 (20.3) 192 (11.0) 

Common carotid intima media thickness, mean (SD) 0.69 (0.14) 0.66 (0.14) 

Atherosclerotic plaque, n (%)  129 (8.5) 97 (5.4) 

HDL: High-density lipoprotein. IQR: Interquartile range. LDL: Low-density lipoprotein. SD: 
Standard deviation
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Table 2. Characteristics of participants by terciles of ankle-brachial index 
 Men Women 
 1st tercile 

[0.52, 1.08) 
N=515 

2nd tercile 
[1.08, 1.17) 
N=532 

3rd tercile 
[1.17, 1.40] 
N=469 

P 1st tercile 
[0.50, 1.06) 
N=614 

2nd tercile 
[1.06, 1.14) 
N=633 

3rd tercile 
[1.14, 1.40] 
N=544 

P 

Age, mean (SD) 63 (12) 60 (11) 59 (11) <.001 62 (12) 59 (11) 59 (11) <.001 

University studies, n (%) 105 (20.6) 160 (30.3) 134 (28.8) .001 108 (17.8) 149 (23.6) 141 (26.2) .002 

Smoker, n (%) 268 (52.2) 248 (46.8) 196 (42.3) .008 88 (14.4) 120 (19.0) 93 (17.2) .095 

Body mass index, mean (SD) 27.4 (3.5) 27.6 (3.7) 28.0 (4.0) .026 26.9 (4.9) 26.5 (5.1) 26.8 (4.8) .315 

Systolic blood pressure (mmHg), mean (SD) 138 (20) 133 (17) 130 (17) <.001 132 (22) 124 (19) 121 (17) <.001 

Diastolic blood pressure (mmHg), mean (SD) 79 (11) 79 (10) 78 (9) .281 76 (10) 74 (10) 73 (9) <.001 

Hypertension, n (%) 284 (55.9) 248 (47.4) 186 (40.3) <.001 304 (50.6) 214 (34.5) 163 (30.2) <.001 

Total cholesterol (mg/dl), mean (SD) 196 (39) 197 (34) 193 (35) .284 207 (36) 207 (34) 205 (35) .640 

HDL cholesterol (mg/dl), mean (SD) 47 (11) 48 (11) 47 (10) .431 55 (11) 57 (12) 57 (11) .040 

LDL cholesterol (mg/dl), mean (SD) 127 (33) 127 (29) 127 (31) .973 132 (31) 132 (30) 131 (30) .708 

Triglycerides, median [IQR] 93 
[70; 132] 

95 
[68; 130] 

86  
[66; 116] 

.002 85 
[61; 118] 

78 
[58; 107] 

76  
[58; 103] 

.002 

Glycemia (mg/dl), median [IQR] 96  
[89; 108] 

94 
[88; 103] 

95 
[88; 104] 

.080 89  
[83; 98] 

88 
[83; 96] 

88 
[83; 95] 

.514 

Diabetes, n (%) 124 (24.7) 97 (18.8) 79 (17.3) .009 89 (14.9) 63 (10.3) 40 (7.5) <.001 

Common carotid intima media thickness, mean (SD) 0.70 (0.14)            0.69 (0.16) 0.67 (0.13) <.001 0.67 (0.13)            0.66 (0.16) 0.64 (0.14) .005 

Atherosclerotic plaque, n (%) 52 (10.1) 44 (8.3) 33 (7.1) .222 41 (6.7) 31 (4.9) 25 (4.6) .229 

HDL: High-density lipoprotein. LDL: Low-density lipoprotein. IQR: Interquartile range. PAD. Peripheral artery disease. SD: Standard deviation 



 
 

Table 3. Common carotid intima media thickness by ankle-brachial index in the whole sample and 
stratified by breakpoints in all participants and in those with no claudication 
Men    Women    
  Modela   Modelb 
ABI 
range 

N Beta Coefficient 
(95% CI)a 

p ABI 
range  

N Beta Coefficient  
(95% CI)a 

p 

All 1516 -0.068 
(-0.123; -0.012) 

.016 All 1791 -0.011 
(-0.070; 0.048) 

.723 

[0.5; 1.2) 1181 -0.071 
(-0.147; 0.005) 

.066 [0.5; 1.2]   1586 -0.029 
(-0.105; 0.047) 

.456 

[1.2; 1.4] 335 0.121 
(-0.149; 0.391) 

.382 (1.2; 1.4]   1829 0.007 
(-0.340; 0.492) 

.721 

Men with no claudication Women with no claudication 
All 1402 -0.073 

(-0.130; -0.017) 
.011 All 1713 -0.006 

(-0.067; 0.055) 
.848 

[0.5; 1.0] 169 -0.027 
(-0.195; 0.141) 

.751 [0.4; 1.2)    1419 -0.010 
(-0.079; 0.060) 

.786 

(1.0; 1.4] 1273 -0.048 
(-0.133; 0.036) 

.261 [1.2; 1.4] 292 0.031 
(-0.089; 0.008) 

.617 

ABI, Ankle-brachial index. CI, confidence interval.  
aModel adjusted for age and body mass index  
bModel adjusted for age 
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